In the absence of exogenous glucocorticoids, decreasing media pH (from 7.4 to 6.8) for 24 hours increased the Na + /H + exchanger 3 (NHE3) activity in opossum kidney (OKP) cells. 10 -7 M and 10 -8 M hydrocortisone increased NHE3 activity, and in their presence, acid incubation further increased NHE3 activity. Hydrocortisone (10 -9 M) had no effect on NHE3 activity, but in its presence, the effect of acid incubation on NHE3 activity increased twofold. Aldosterone (10 -8 M) had no effect. In the absence of hydrocortisone, acid incubation increased NHE3 protein abundance by 47%; in the presence of 10 -9 M hydrocortisone, acid incubation increased NHE3 protein abundance by 132%. The increase in NHE3 protein abundance was dependent on protein synthesis. However, 10 -9 M hydrocortisone did not modify the effect of acid incubation to cause a twofold increase in NHE3 mRNA abundance. In the absence of protein synthesis, 10 -9 M hydrocortisone did potentiate an effect of acid on NHE3 activity, which was due to trafficking of NHE3 to the apical membrane. These results suggest that glucocorticoids and acid interact synergistically at the level of NHE3 translation and trafficking.
ty (8, 9) . Results are therefore reported as dpH i /dt. Because Na/H antiporter activity varies depending on passage number, level of confluence, and other poorly understood factors, in all studies comparisons are made between cells of the same passage studied on the same day.
Immunoblot. Cells were rinsed with ice-cold PBS three times and Dounce-homogenized in isotonic Tris-buffered saline (150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 5 mM EDTA) containing proteinase inhibitors (100 µg/ml PMSF, 4 µg/ml aprotinin, 4 µg/ml leupeptin). Nuclei were removed by centrifugation at 13 ,000 g at 4°C. Membranes were pelleted by centrifugation at 109,000 g for 20 min (TLA 100.3 rotor, 50,000 rpm) (Beckman TLX; Beckman Coulter Inc., Fullerton, California, USA). The resulting pellet was resuspended in Tris-buffered saline, and total protein content was determined by the method of Bradford. 15 µg of protein was diluted 1:5 in 5× SDS loading buffer (1 mM Tris-HCl [pH 6.8], 1% SDS, 10% glycerol, 1% 2-mercaptoethanol), size fractionated by SDS-PAGE (7.5% gel), and electrophoretically transferred to nitrocellulose. After blocking with 5% nonfat milk and 0.05% Tween-20 in PBS for 1 h, blots were probed in the same buffer for 1 h with a polyclonal anti-opossum NHE3 antibody (antiserum 5683, generated against a maltose binding protein/NHE3 [aa 484-839] fusion protein) at a dilution of 1:300 (14) . Blots were washed in 0.05% Tween-20 in PBS one time for 15 min and two times for 5 min, incubated with a 1:10,000 dilution of peroxidase-labeled sheep anti-rabbit IgG in 5% nonfat milk and 0.05% Tween-20 in PBS for 1 h, washed as above, and then visualized by enhanced chemiluminescence. NHE3 protein abundance was quantitated by densitometry (ImageQuant Software version 3.3; Molecular Dynamics Inc., Sunnyvale, California, USA). This procedure labeled a 90-kDa band that was not seen when antibody was preincubated with fusion protein or when preimmune serum replaced the anti-NHE3 antiserum (14) .
To measure plasma membrane NHE3, we used surface biotinylation. Monolayers were rinsed with ice-cold PBS-Ca-Mg (PBS with 0.1 mM CaCl 2 , 1.0 mM MgCl 2 ) three times. Membrane proteins were then biotinylated by incubation of cells in 1.5 mg/ml NHS-ss-biotin in 10 mM triethanolamine (pH 7.4), 2 mM CaCl 2 , and 150 mM NaCl for 90 min at 4°C. After labeling, plates were washed with 6 ml quenching buffer (PBS-CaMg, with 100 mM glycine) for 20 min at 4°C. Cells were then lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.4], 5.0 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 100 µg/ml PMSF, 5 µg/ml aprotinin, and 5 µg/ml leupeptin). Extracts were rocked for 30 min at 4°C, centrifuged at 12,000 rpm at 2°C for 10 min, and the supernatant diluted to 3 mg/ml with RIPA buffer. Biotinylated proteins were then precipitated with streptavidin-conjugated agarose, and the precipitate was subjected to SDS-PAGE and blotting with anti-NHE3 antisera as above.
RNA blotting. RNA was extracted using RNeasy (QIAGEN Inc., Valencia, California, USA). 15 µg of total RNA was size-fractionated by agarose-formaldehyde gel electrophoresis and transferred to nylon membranes. The radiolabeled NHE3 probe was synthesized from a full-length OKP NHE3 cDNA (8) and the 18S probe from a 752-base SphI/BamHI fragment of the mouse 18S rRNA (No. 63178; American Type Culture Collection, Rockville, Maryland, USA) by the random hexamer method. Prehybridization, hybridization, and washing were performed as described previously (15) . Filters were exposed to film overnight at -70°C and labeling was quantitated by densitometry. Changes in NHE3 abundance were normalized for changes in 18S rRNA abundance.
Statistics. Statistical analysis was performed using ANOVA or paired t test, as appropriate. "n" refers to the number of plates studied.
Results
Glucocorticoids enhance the stimulatory effect of acid incubation on Na/H antiporter activity. When confluent, OKP cells were removed from serum and incubated in either serum-free media or serum-free media with hydrocortisone added for 24 hours. Cells then were incubated in the same media at pH 7.4 or 6.8 for an additional 24 hours. Thus, after removal of serum, cells were incubated in the presence or absence of hydrocortisone for 48 hours, and during the last 24 hours were exposed to media pH of 7.4 or 6.8. Na/H antiporter activity was then measured at pH 7.4. Figure 1 shows results with 10 -7 M hydrocortisone. This concentration of hydrocortisone caused a 49% increase in Na/H antiporter activity (P < 0.005). In the
Figure 1
Effect of 10 -7 M hydrocortisone and media pH on Na/H antiporter activity. Cells were incubated in the presence or absence of 10 -7 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.03 vs. pH 7.4 (-HC); **P < 0.005 vs. pH 7.4 (-HC); ***P < 0.01 vs. pH 6.8 (-HC), P < 0.05 vs. pH 7.4 (+HC), P < 0.02 vs. pH 7.4 (-HC). n = 7 (-HC/7.4, +HC/6.8), n = 8 (-HC/6.8, +HC/7.4). HC, hydrocortisone.
Figure 2
Effect of 10 -8 M hydrocortisone and media pH on Na/H antiporter activity. Cells were incubated in the presence or absence of 10 -8 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.03 vs. pH 7.4 (-HC); **P < 0.02 vs. pH 7.4 (-HC); ***P < 0.005 vs. pH 6.8 (-HC), P < 0.005 vs. pH 7.4 (+HC), P < 0.001 vs. pH 7.4 (-HC). n = 7 (-HC/7.4), n = 8 (-HC/6.8, +HC/6.8, +HC/7.4).
absence of hydrocortisone, incubation in acid media caused a 30% increase in antiporter activity (P < 0.03). Incubation in acid media with 10 -7 M hydrocortisone caused antiporter activity to increase 74% above control levels (pH 7.4, -HC; P < 0.02) and 17% above the activity in the presence of hydrocortisone alone (pH 7.4, +HC; P < 0.05). These results suggest that the effects of acid and hydrocortisone on Na/H antiporter activity are additive, but do not clearly delineate whether hydrocortisone modifies the effect of acid.
To further examine this, we used a similar protocol with a lower concentration of hydrocortisone: 10 -8 M (Fig. 2) . 10 -8 M hydrocortisone caused only a 17% increase in Na/H antiporter activity (P < 0.02). In the absence of hydrocortisone, acid incubation caused a 20% increase in Na/H antiporter activity (P < 0.03), while in the presence of hydrocortisone, acid incubation caused an increase of 54% compared with control (pH 7.4, -HC; P < 0.001), and an increase of 32% compared with hydrocortisone alone (pH 7.4, +HC; P < 0.005). These results suggest that hydrocortisone may enhance the effect of acid but are also consistent with additive independent effects of acid and hydrocortisone.
We therefore examined 10 -9 M hydrocortisone ( Fig. 3 ). This concentration of hydrocortisone had no effect on Na/H antiporter activity. In the absence of hydrocortisone, acid incubation caused a 20% increase in Na/H antiporter activity (P < 0.01), which was significantly larger in the presence of hydrocortisone (38% increase vs. control [pH 7.4, -HC; P < 0.002] or vs. hydrocortisone alone [pH 7.4, +HC; P < 0.003]). In addition, antiporter activity with acid and hydrocortisone was 15% greater than with acid in the absence of hydrocortisone (P < 0.02). Thus, at low concentrations of hydrocortisone, where there is no effect of hydrocortisone on Na/H antiporter activity, hydrocortisone synergistically increases the effect of acid incubation on antiporter activity twofold.
To address whether this synergism is due to a mineralocorticoid effect of hydrocortisone, we performed similar experiments with a high concentration of aldosterone (Fig.  4) . 10 -8 M aldosterone had no effect on Na/H antiporter activity. In addition, the effect of acidosis was not increased in the presence of aldosterone. In the absence of aldosterone, acid incubation increased Na/H antiporter activity by 25% (P < 0.03), while in the presence of aldosterone acid incubation increased antiporter activity by 21% (P < 0.02). Thus, the effect of hydrocortisone to synergize acid activation of the Na/H antiporter is a glucocorticoid effect.
OKP cells express an EIPA-resistant Na/H antiporter that is encoded by NHE3 (8) . In addition, glucocorticoids and acid incubation, applied separately, increase NHE3 activity (8, 9) . It is therefore likely that the effect of acid incubation in the presence of glucocorticoids is on NHE3. To confirm this, studies were performed in the absence or presence of 100 µM HOE694, which should inhibit NHE1 or NHE2, but not NHE3 (16) . As shown in Fig. 5 , HOE694 did not inhibit Na/H antiporter activity and did not inhibit the effect of acid incubation in the presence of hydrocortisone. Thus, again the regulated isoform is NHE3.
Glucocorticoids enhance the stimulatory effect of acid incubation on NHE3 protein abundance. Glucocorticoids increase NHE3 activity and mRNA abundance (6, 9, 10) . Applica-
Figure 3
Effect of 10 -9 M hydrocortisone and media pH on Na/H antiporter activity. Cells were incubated in the presence or absence of 10 -9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.01 vs. pH 7.4 (-HC); **P < 0.02 vs. pH 6.8 (-HC), P < 0.003 vs. pH 7.4 (+HC), P < 0.002 vs. pH 7.4 (-HC). n = 9.
Figure 4
Effect of 10 -8 M aldosterone and media pH on Na/H antiporter activity. Cells were incubated in the presence or absence of 10 -8 M aldosterone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.03, 6.8 vs. 7.4; **P < 0.02, 6.8 vs. 7.4. n = 8.
Figure 5
HOE694 does not inhibit the effect of 10 -9 M hydrocortisone and media pH on Na/H antiporter activity. Cells were incubated in the presence of 10 -9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 in the absence or presence of 100 µM HOE694 and is reported as dpHi/dt. *P < 0.01 vs. pH 7.4. n = 8.
tion of 10 -7 M hydrocortisone for 48 hours caused a 151% increase in NHE3 protein abundance (P < 0.05; Fig. 6 ).
To examine the interaction between hydrocortisone and acid incubation at the level of NHE3 protein abundance, we used 10 -9 M hydrocortisone and performed Western blotting (Fig. 7) . In the absence of hydrocortisone, acid incubation caused a 47% increase in NHE3 protein abundance (P < 0.003). 10 -9 M hydrocortisone caused a 61% increase in NHE3 protein abundance (P = 0.05). In the presence of 10 -9 M hydrocortisone, acid incubation increased NHE3 abundance by 132% compared with that in the absence of hydrocortisone at pH 7.4 (P < 0.001). Thus, in the absence of hydrocortisone, acid incubation causes a small increase in NHE3 abundance, while in the presence of 10 -9 M hydrocortisone, acid incubation causes a large increase in NHE3 abundance.
Cycloheximide blocks the acid-induced increase in NHE3 protein abundance. An effect of acid to increase NHE3 protein abundance could be due to an increase in protein synthesis or a decrease in protein degradation. To examine NHE3 protein stability, we measured the effect of a 24-hour acid incubation on NHE3 protein abundance in the presence of 10 -9 M hydrocortisone and 10 -4 M cycloheximide. Cycloheximide was added for the last 24 hours of control and acid incubation to allow hydrocortisone 24 hours to induce gene expression and protein synthesis before control or acid incubation. As shown in Fig. 8 , in this setting, acid incubation decreased NHE3 protein abundance by 39% (P < 0.05). Thus, in the absence of protein synthesis, acid incubation decreases NHE3 abundance, demonstrating a decrease rather than an increase in NHE3 protein stability. The increase in NHE3 protein abundance seen in the absence of cycloheximide therefore is likely due to enhanced NHE3 synthesis.
Glucocorticoids do not enhance the stimulatory effect of acid on NHE3 mRNA abundance. An increase in NHE3 protein synthesis can be due to an increase in NHE3 mRNA abundance. Both acid incubation and glucocorticoids have been demonstrated to increase NHE3 mRNA abundance in OKP cells (8, 10) . To examine if there is synergism at this level, we again used a low concentration of hydrocortisone: 10 -9 M (Fig. 9 ). Even this low dose of hydrocortisone caused a 50% increase in NHE3 mRNA abundance (P < 0.05). However, there was no synergism between hydrocortisone and acid incubation. Acid incubation caused a 100% increase in NHE3 mRNA abundance in the absence of hydrocortisone (P < 0.05), and an 86% increase in the presence of hydrocortisone (compared with pH 7.4 and no hydrocortisone; P < 0.05). Thus, the synergism between hydrocortisone and acid incubation occurs at the level of NHE3 activity and protein abundance, but not at the level of NHE3 mRNA abundance.
Glucocorticoids enhance acid-induced increases in NHE3 activity in the absence of protein synthesis. We next examined whether the synergism between hydrocortisone and acid also involved posttranslational regulation. Once again, cells were incubated in the absence or presence of 10 -9 M hydrocortisone for 24 hours before, and then during, control or acid incubation. Again, 10 -4 M cycloheximide was added only during the last 24 hours of the control or acid incubation to allow hydrocortisone 24 hours to induce gene expression and protein synthesis. The low Na/H antiporter activities seen in these experiments are likely due to inhibition of synthesis of new antiporters and are similar to that which we have reported previously (9, 12) (Fig. 10) . As expected, 10 -9 M hydrocortisone had no effect on Na/H antiporter activity. In the absence of hydrocortisone, acid incubation did not significantly increase activity, while in the presence of hydrocortisone, acid incubation caused a 36% increase in Na/H antiporter activity (P < 0.005 vs. control or hydrocortisone). Thus, the synergism between hydrocortisone and acid involves, at least in part, a posttranslational process.
Given that NHE3 protein abundance is decreased by acid incubation in the presence of cycloheximide (Fig. 8) , the increase in activity must be related to a process downstream from changes in protein abundance. One possible mechanism is that acid incubation induces net trafficking
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Figure 7
Effect of 10 -9 M hydrocortisone and media pH on NHE3 protein abundance. Cells were incubated in the presence or absence of 10 -9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. NHE3 protein abundance was measured by Western blot. All groups were paired to cells studied in the absence of hydrocortisone at pH 7.4, and NHE3 abundance is expressed as the percent increase over this condition. (a) Typical blot. (b) Summary of data. *P < 0.003, n = 18; **P = 0.05, n = 11; ***P < 0.001, n = 6.
of NHE3 from an intracellular storage pool to the apical membrane. To examine this, we biotinylated apical membrane proteins as described in Methods. After precipitation with streptavidin-linked agarose beads, NHE3 was identified by Western blot. Figure 11 shows that in the presence of 10 -9 M hydrocortisone and cycloheximide, acid incubation increased apical membrane NHE3 abundance by 33% (P < 0.05). Because this condition is associated with a decrease in total cell NHE3, this result clearly demonstrates net trafficking of NHE3 to the apical membrane.
Discussion
Glucocorticoids increase proximal tubule apical membrane Na/H antiporter activity in vivo and in cell culture (5, 9, 17) . The present studies also demonstrate that glucocorticoids increase NHE3 protein abundance. This is associated with increases in NHE3 mRNA abundance in renal cortex and in OKP cells (6, 10) . In OKP cells, the increase in NHE3 mRNA is related to increased NHE3 transcription with no change in NHE3 mRNA stability (10) . Metabolic acidosis causes an increase in glucocorticoid levels (3, 4), which could then mediate the observed increase in NHE3.
In support of an important role for glucocorticoids in the acid response, it has been demonstrated that adrenalectomized rats fail to respond to acidosis with an increase in renal NH 4 + excretion and proximal tubule apical membrane Na/H antiporter activity (7). However, because of significant hemodynamic effects of glucocorticoids, these results are difficult to interpret. Administration of dexamethasone to these adrenalectomized rats increases Na/H antiporter activity, but acidosis does not further increase antiporter activity. This lack of a further acid effect suggests that glucocorticoids mediate the effect of acidosis rather than synergistically increase the acid effect. However, these studies may also be difficult to interpret given the large dose of dexamethasone administered and the possibility that a maximal antiporter activity had been achieved. Thus, in vivo studies have suggested an important role for glucocorticoids in mediating the effect of acidosis on the antiporter, but the exact role played remains unclear from these studies.
The present studies demonstrate that in addition to directly activating NHE3 transcription, glucocorticoids synergistically increase the effect of acidosis on NHE3. In the absence of glucocorticoids, incubation of OKP cells in acid media for 24 hours caused increases in NHE3 activity, protein abundance, and mRNA abundance. In this setting, the magnitude of the effect on mRNA abundance (twofold increase) was quantitatively greater than the magnitude of the effect on protein abundance (47% increase). This differs somewhat from results in rats, where chronic metabolic acidosis increases NHE3 protein abundance twofold with no measurable effect on mRNA abundance (1). The lack of an effect on mRNA abundance compared with results in cell culture may reflect the much smaller magnitude of pH change achieved in rats. However, this would not then explain why the effect on NHE3 protein abundance was larger in intact rats. One difference is that glucocorticoids were present in the rat studies but not in the cell culture studies (1) .
In the present studies, glucocorticoids significantly enhanced the effects of acid incubation on NHE3 protein abundance and activity, but had no effect on the increase in NHE3 mRNA abundance. In the presence of glucocorticoids, acid incubation had a threefold greater effect on NHE3 protein abundance and a twofold greater effect on NHE3 activity. These effects were seen with a low concentration of hydrocortisone that had no direct effect on NHE3 activity. These results suggest that glucocorticoids enhance the ability of acid to increase NHE3 protein synthesis or stability.
To address the mechanism further, we examined NHE3 protein stability. In the presence of cycloheximide and hydrocortisone, acid incubation decreased rather than increased NHE3 protein abundance. This suggests that in this setting, acid decreases NHE3 protein stability. Thus with protein synthesis intact, acid directly increases NHE3 protein synthesis, an effect that is greater in magnitude than the decrease in protein stability, resulting in a net increase in NHE3 protein abundance. It is possible, but less likely, that acid increases synthesis of a second protein, which functions to increase NHE3 stability; inhibition of synthesis of this second protein would then inhibit this effect, leaving unopposed a direct effect to decrease NHE3 protein stability.
Although acid did not increase NHE3 protein abundance in the presence of cycloheximide, there was still an increase in NHE3 activity. This suggests an additional posttranslational mechanism of regulation by acid. In the present studies, we demonstrated that acid incubation caused an increase in apical membrane NHE3 in the presence of cycloheximide. Given that total cellular NHE3 is decreased in this condition, these results demonstrate acid-induced trafficking of NHE3 to the apical membrane. It is also possible that acid incubation induces NHE3 phosphorylation or binding of a regulatory protein to NHE3.
Glucocorticoids have been shown to play an important role in acidosis-induced increases in protein degradation in rats. Adrenalectomy inhibited this effect of acidosis, but provision of low or high doses of dexamethasone to adrenalectomized rats once again allowed acidosis to stimulate protein degradation (4). Similar results were found for acidosis-stimulated muscle leucine oxidation (18) , and for acidosis-induced increases in the abundance of mRNAs encoding polyubiquitin and the C2 and C9 subunits of the 26S proteosome (19) , all of which contribute to acidosis-induced protein breakdown. Similarly, in cultured BC 3 H1 cells maintained in 1% serum, increased protein degradation was not seen with media acidification or dexamethasone alone, but was seen with media acidification and dexamethasone together (20) . By contrast, in these cells, media acidification increased mRNA abundance for ubiquitin and the C2 proteosome subunit in the absence of dexamethasone. In cultured LLC-PK 1 cells, activation of branched-chain α-ketoacid dehydrogenase activity by acid media occurred in cells that do not express glucocorticoid receptors (21) . These results suggest, similar to the present results, that while acidosis may exert glucocorticoid-independent effects on protein degradation, a significant component of regulation by acidosis involves synergism with glucocorticoids.
In summary, glucocorticoids play an important role in the response of the Na/H antiporter to acidosis. Acidosis increases adrenal glucocorticoid secretion (3, 4) . Glucocorticoids then exert three effects on NHE3. First, they directly increase NHE3 transcription. Second, glucocorticoids synergistically enhance the ability of acidosis to increase NHE3 protein abundance, likely through enhanced NHE3 protein synthesis. Lastly, glucocorticoids synergistically enhance the ability of acidosis to induce NHE3 trafficking to the apical membrane.
Figure 10
Effect of 10 -9 M hydrocortisone and media pH on Na/H antiporter activity: cycloheximide. Cells were incubated in the presence or absence of 10 -9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. 10 -4 M cycloheximide was added for the last 24 h. Na/H antiporter activity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.005 vs. 7.4 (-HC and +HC). n = 9 (-HC/7.4), n = 10 (-HC/6.8, +HC/6.8, +HC/7.4).
Figure 11
Effect of media pH on apical membrane NHE3 protein abundance in the presence of 10 -9 M hydrocortisone and 10 -4 M cycloheximide. Cells were incubated in the presence of 10 -9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. 10 -4 M cycloheximide was added for the last 24 h. Apical membrane NHE3 protein abundance was measured by biotinylation followed by precipitation with streptavidin and Western blotting with anti-NHE3 antisera. (a) Typical blot. (b) Summary of data. *P < 0.05. n = 6.
